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We propose novel triangle relations, not the well-known triangle singularity, for better

understanding of the exotic XY Z states. Nine XY Z resonances, X(3872), Y (4230),
Zc(3900), X(4012), Y (4360/4390), Zc(4020), X(4274), Y (4660), and Zcs(3985) have

been classified into triples to construct three triangles based on the assumption that

they are all tetra-quark states. Here X(4012) has not been observed experimentally yet,
and we predict its mass and roughly the width. We also suggest some channels deserving

search for with high priority based on this hypothesis, as well as predictions of a few

production/decay rates of these channels. We hope further experimental studies of the
XY Z states will benefit from our results.
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PACS numbers: 12.39.−x, 14.80.−j

Charmonium-like states, the so-called XY Z particles, have been hot topics in high

energy physics community since X(3872) was discovered in 2003 by Belle.1 Their

special characters make them good candidates of multiple-quark states2 beyond

the conventional mesons (quark–antiquark pair) and baryons (triple quarks). In

addition to being a novel material form, they also provide idea labs for study-

ing the nonperturbative QCD, the theory describing strong interaction. Studying

their production and decay rates individually, and comparing them to that of the

charmonium states, should shed light on the internal structures and interaction

mechanism of these exotic states. Then it will lead to better understanding of the

This is an Open Access article published by World Scientific Publishing Company. It is dis-
tributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives

4.0 (CC BY-NC-ND) License which permits use, distribution and reproduction, provided that the

original work is properly cited, the use is non-commercial and no modifications or adaptations are
made.
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strong interaction, such as color confinement, at the several GeV energy region. Var-

ious theoretical models have been proposed to interpret the experimental results

and describe the nature of these XY Z states, including models, for example, tetra-

quark, hybrid, conventional charmonium, molecular, and even cusp effect. For more

details, our readers may read the fourth part of Ref. 2 and the references quoted in

this review. However, in short, a global and satisfied frame, that can describe the

whole XY Z states well, is still in absent. The situation of our knowledge on the

multiple-quark states is somewhat similar to that on the glueballs, both of them are

allowed by QCD but without experimentally conclusive evidence yet. Also, the mix-

ing between these exotic states with normal mesons or baryons makes the situation

much more complex.

Recently, three results reported by BESIII collaboration have attracted our

attention. Two of them are the confirmation of the radiative transition from Y (4230)

to X(3872) (Ref. 3) and pion transition from Y (4230) to Zc(3900) (Ref. 4). The

third one is the first observation of Zcs(3985),5 it is based on the data samples

of e+e− collision at the center-mass-energy close to Y (4660). Even the statistic

is low, it seems Zcs(3985) is produced by a kaon transition from Y (4660). These

new information and previous experimental results inspire us to investigate the

relations between these XY Z states and suggest a general frame containing them.

In this frame, XY Z states are classified into various sets, and each contains one X,

one Y , and one Z states with similar quark components. So a single set can be

illuminated by a triangle. Each point of a triangle is a state, while each side of

the triangle is a hadronic or radiative transition. In this frame, nine XY Z states,

X(3872), Y (4230), Zc(3900), X(4012), Y (4360/4390), Zc(4020), X(4274), Y (4660),

and Zcs(3985) have been classified into three sets to construct triple triangles. We

believe such a frame would provide insights on them, and can be a guide to future

experimental searches and measurements.

The construction of a triangle start with a simple hypothesis, that the XY Z

states are tetra-quark states and can be described universally in a similar quark

components, i.e. |h〉 |cc̄〉. Here the |h〉 is a superimposition of light quark compo-

nents, and same for X and Y states as

|h〉X/Y = ph1 |uū〉+ ph2 |dd̄ 〉+ ph3 |ss̄〉 , (1)

where ph1, ph2, and ph3 are amplitude strengths that can be determined as param-

eters via experimental measurements. However, the form of |h〉 for Z states should

be slightly different since their iso-spin is not zero, and can be written as

|h〉Z = p′h1 |ud̄ 〉+ p′h2 |us̄〉+ p′h3 |dū〉+ p′h4 |sū〉
+ p′h5 |ds̄〉+ p′h6 |sd̄ 〉+ p′h7 |uū〉 − p′h7 |dd̄ 〉 , (2)

where parameters p′h’s will take corresponding values for various states. Similarly

|cc̄〉 can be expanded into a superimposition of hidden-charm states as

|cc̄〉 = pc1 |ηc〉+ pc2 |J/ψ〉+ pc3 |χc0〉+ pc4 |χc1〉
+ pc5 |χc2〉+ pc6 |hc〉+ pc7 |η′c〉+ pc8 |ψ′〉+ · · · , (3)

2150126-2

In
t. 

J.
 M

od
. P

hy
s.

 A
 2

02
1.

36
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 E

U
R

O
PE

A
N

 O
R

G
A

N
IZ

A
T

IO
N

 F
O

R
 N

U
C

L
E

A
R

 R
E

SE
A

R
C

H
 (

C
E

R
N

) 
on

 0
6/

15
/2

1.
 R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



June 1, 2021 13:23 IJMPA: OPEN ACCESS S0217751X21501268 page 3

Triangle relations for XY Z states

where only the chamonia below the open-charm threshold have been explicitly

addressed, since we assume the contribution from the hidden-charm above the

threshold is negligible in the cases we discussed. Notice our hypothesis is signifi-

cantly different to the models with these XY Z states, which are pure charmonia or

fake resonances from the cusp effect. From this hypothesis, a naive inference is that

a mass of any XY Z state is mainly determined by the heavy quark component, and

strongly affected by their couplings to open-charm channels. This inference would

be used to determine the mass weights of these triangles. Since there are many

different open-charm combinations, here we only consider the thresholds of the fol-

lowing S-wave open-charm channels, i.e. DD1(2420), D∗D1(2420), DsDs1(2460),

D∗sDs1(2460), D∗sDs1(2536), D∗D2(2460), and D∗sDs2(2573). They are believed to

provide the largest contributions. From a simple sum of the masses of the D mesons,

we know the thresholds are roughly at 4.29 GeV, 4.43 GeV, 4.43 GeV, 4.57 GeV,

4.65 GeV, 4.47 GeV, and 4.68 GeV, respectively. It seems if there are seven triangles,

two of them are according to the same 4.43 GeV would be considered degeneracy.

However, after considering the quark component, it is more likely the two pairs(
D∗D1, D

∗D2

)
and

(
D∗sDs1, D

∗
sDs2

)
should be considered as degeneracies. So the

reduced four thresholds are 4.29 GeV, 4.43(4.47) GeV, 4.57 GeV, 4.65(4.68) GeV.

And the shifts between the excited ones to the fundamental one would be 140 MeV,

280 MeV, 360 MeV.

Due to the open-charm thresholds and the masses of the well-known XY Z states

X(3872), Y (4230), and Zc(3900),6 we assume that the three states construct the

triple points of the fundamental triangle, and the radiative and hadronic transi-

tions are illustrated as the triple sides as shown in the left-bottom of Fig. 1. So

starting from the fundamental triangle, i.e. the X(3872)–Y (4230)–Zc(3900) trian-

gle, we can predict an excited triangle with the mass shift between 4.29 GeV and

April 24, 2021 19:39 WSPC/INSTRUCTION FILE triangle
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channels, i.e. DD1(2420), D∗D1(2420), DsDs1(2460), D∗sDs1(2460), D∗sDs1(2536),

D∗D2(2460), and D∗sDs2(2573). They are believed to provide the largest contribu-

tions. From a simple sum of the masses of the D mesons, we know the threshold are

roughly at 4.29 GeV, 4.43 GeV, 4.43 GeV, 4.57 GeV, 4.65 GeV, 4.47 GeV, and 4.68

GeV, respectively. It seems if there are seven triangles, two of them are according to

the same 4.43 GeV would be considered degeneracy. However, after considering the

quark component, it is more likely the two pais (D∗D1,D
∗D2) and (D∗sDs1,D

∗
sDs2)

should be consider as degeneracies. So the reduced four thresholds are 4.29 GeV,

4.43(4.47) GeV, 4.57 GeV, 4.65(4.68) GeV. And the shifts between the excited ones

to the fundamental one would be 140 MeV, 280 MeV, 360 MeV.

Y(4360/4390)

𝑍𝑐(4020)X(4012)

Y(4230)

𝑍𝑐(3900)X(3872)

𝛾 𝜋

Y(4660)

𝑍𝑐𝑠(3985)X(4274)

K𝛾

𝛾 𝜋

Fig. 1. Triple triangles for nine XYZ states.

Due to the open-charm thresholds and the masses of the well-known XYZ states

X(3872), Y (4230), and Zc(3900),6 we assume that the three states construct the

triple points of the fundamental triangle, and the radiative and hadronic transitions

are illustrated as the triple sides as shown in the left-bottom of Fig. 1. So starting

from the fundamental triangle, i.e. the X(3872)-Y(4230)-Zc(3900) triangle, we can

predict an excited triangle with the mass shift between 4.29 GeV and 4.43 GeV,

i.e. 140 MeV. As shown in Fig. 2, it is obvious the Y and Z states belonging to the

predicted triangle can be associated to the experimental observations, Y(4360/4390)

and Zc(4020), respectively. Here we assume Y(4360) and Y(4390) are actually one

vector state due to their similar masses. However, there is no such evidence of

the X state close to X(4012) experimentally. Only it is well matched with another

theoretical prediction.7 Based on the similar argument, it is also another triangle can

be obtained by shift the masses up to 360 MeV, the difference between thresholds of

4.29 GeV and 4.65 GeV, as shown in Fig. 3. Here the predicted X and Y states are

Fig. 1. Triple triangles for nine XY Z states.
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perfectly matched with experimental results X(4274) and Y (4660). While the mass

of predicted Z state is obviously larger than the recently observed Zcs(3985), this

discrepancy may be caused by the replacement of the strange quark with up/down

quark, that will change the internal structure of the multiple quark state then

decrease the mass of Z state. Notice the subtle shift is about 300 MeV that is

just the difference between the masses of kaon meson and pion meson. Another

possibility is the Zcs(3985) is not the Z state should be filled in this triangle, so

another heavier Z state deserves searching for with different channels. Till now, there

is no evidence of the X(4274), discovered in B → J/ψφK process,8 is observed via

Y (4660) → γX(4274), X(4274) → φJ/ψ. So a search on this radiative transition

channel is deserved. Additionally, because mass estimation of X(4274) is based on

a very rough way, other X structures seen in B → J/ψφK cannot be excluded such

as X(4140), and so X(4274) is only the one of possible candidates.

Y(4230)

𝑍𝑐(3900)X(3872) ?

140 MeV shift up
Y(4370)

𝑍𝑐(4040)X(4012)Excited states

Y(4360/4390)

𝑍𝑐(4020)X(4012)?

prediction

experiment

Fig. 2. The prediction and experimental observation of the first excited triangle of XYZ states.

The previous predictions on the two excited triangles have implicitly applied

part of the interaction mechanism proposed in this paper. The complete form of the

interaction hypothesis can be summarized as the following two rules.

• Shifts between triangles: the radial position or orbital momentum between

|h〉 and |cc̄〉 for excited triangles keep similar to the fundamental triangle,

but the |cc̄〉 changes between the fundamental and excited ones according

to the corresponding open-charm thresholds.

• Transitions within a triangle: the |cc̄〉 keeps same, only the radial position

or orbital momentum between |h〉 and |cc̄〉 should change.

Due to the second rule mentioned above and the observed channels, we can see

Fig. 2. The prediction and experimental observation of the first excited triangle of XY Z states.
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360 MeV up

Y(4230)

𝑍𝑐(3900)X(3872)

Y(4590)

𝑍𝑐𝑠(4260)X(4232)

prediction

Y(4660)

𝑍𝑐𝑠(3985)X(4274)

experiment

K𝛾 K𝛾
Subtle mass adjustments

Strange quark change
the structure?

Fig. 3. The prediction and experimental observation of the second excited triangle of XYZ states
involving with strange quark heavily.

there are more channels deserving search for. Some of them with higher priority

are listed in Table. 1. Here almost the observed or searched results are from PDG,6

while the others from recent published results.4,9–14

Table 1. The observed/searched and proposed channels for XYZ states. Here Xηc represents ηπ+π−ηc, 3πηc, π+π−ηc, and

γπ0ηc; ψ2 is ψ2(3823); D1 is D1(2420).

States Observed/Searched Proposed

X(3872) ρJ/ψ, ωJ/ψ, D0D̄∗0, π0χc1, γJ/ψ, γψ′, γDD̄, π0D0D̄0 ππηc, ππχcJ

Y (4230) ωχc0, ππJ/ψ, ππhc, ππψ′, π+D0D∗−, ηJ/ψ, η′J/ψ, π+π−χcJ , Xηc π0ψ′, γχcJ , D∗D̄∗

Zc(3900) πJ/ψ, ρηc, DD̄∗, πηc πhc, πψ′, ππχc0

X(4012) ππψ′, ππψ2, ππhc, ππDD̄

Y (4360/4390) ππψ′, ππψ2, D1D̄, ππhc, ππψ′′, ηJ/ψ πD∗D̄∗

Zc(4020) πhc, DD̄∗ πψ′, πψ2, DD̄∗, πDD̄

X(4274) φJ/ψ D
(∗)
s D̄

(∗)
s , ηχcJ , η′χcJ

Y (4660) KKJ/ψ, KKhc, KKψ′, KD(∗)D(∗)
s φχcJ , ηJ/ψ, η′J/ψ, ηψ′, η′ψ′

Zcs(3985) DD∗s , D∗Ds KJ/ψ, Kηc, Khc, Kψ′, Kχc0

Furthermore, based on Eqs. 1, 2, 3 and the following partial width formula

Γ(X/Y/Z → fhfc) ∝ |〈fh|h〉|2 |〈fc|cc̄〉|2 , (4)

where fh and fc indicate light hadrons and charmonia in the final states, we derive

the formulae for relations of the partial widthes of XYZ states decaying into light

Fig. 3. The prediction and experimental observation of the second excited triangle of XY Z states
involving with strange quark heavily.

4.43 GeV, i.e. 140 MeV. As shown in Fig. 2, it is obvious the Y and Z states

belonging to the predicted triangle can be associated to the experimental obser-

vations, Y (4360/4390) and Zc(4020), respectively. Here, we assume Y (4360) and

Y (4390) are actually one vector state due to their similar masses. However, there

is no such evidence of the X state close to X(4012) experimentally. Only it is well

matched with another theoretical prediction.7 Based on the similar argument, it is

also that another triangle can be obtained by shifting the masses up to 360 MeV,

the difference between thresholds of 4.29 GeV and 4.65 GeV, as shown in Fig. 3.

Here, the predicted X and Y states are perfectly matched with the experimental

results X(4274) and Y (4660). While the mass of predicted Z state is obviously

larger than the recently observed Zcs(3985), this discrepancy may be caused by the
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replacement of the strange quark with up/down quark, that will change the internal

structure of the multiple quark state then decrease the mass of Z state. Notice the

subtle shift is about 300 MeV that is just the difference between the masses of kaon

meson and pion meson. Another possibility is the Zcs(3985) is not the Z state that

should be filled in this triangle, so another heavier Z state deserves searching for

with different channels. Till now, there is no evidence of the X(4274), discovered

in B → J/ψφK process,8 is observed via Y (4660)→ γX(4274), X(4274)→ φJ/ψ.

So, a search on this radiative transition channel is deserving. Additionally, because

mass estimation of X(4274) is based on a very rough way, other X structures seen

in B → J/ψφK cannot be excluded such as X(4140), and so X(4274) is the only

one of the possible candidates.

The previous predictions on the two excited triangles have implicitly applied

part of the interaction mechanism proposed in this paper. The complete form of

the interaction hypothesis can be summarized as the following two rules:

• Shifts between triangles: The radial position or orbital momentum between |h〉
and |cc̄〉 for excited triangles keeps similar to the fundamental triangle, but the

|cc̄〉 changes between the fundamental and excited ones according to the corre-

sponding open-charm thresholds.

• Transitions within a triangle: The |cc̄〉 keeps same, only the radial position or

orbital momentum between |h〉 and |cc̄〉 should change.

Due to the second rule mentioned above and the observed channels, we can see

there are more channels deserving search for. Some of them with higher priority

are listed in Table 1. Here almost the observed or searched results are from PDG,6

while the others are from recent published results.4,9–14

Table 1. The observed/searched and proposed channels for XY Z states. Here Xηc represents
ηπ+π−ηc, 3πηc, π+π−ηc, and γπ0ηc; ψ2 is ψ2(3823); D1 is D1(2420).

States Observed/searched Proposed

X(3872) ρJ/ψ, ωJ/ψ, D0D̄∗0, π0χc1,

γJ/ψ, γψ′, γDD̄, π0D0D̄0
ππηc, ππχcJ

Y (4230) ωχc0, ππJ/ψ, ππhc, ππψ′, π+D0D∗−,

ηJ/ψ, η′J/ψ, π+π−χcJ , Xηc

π0ψ′, γχcJ , D∗D̄∗

Zc(3900) πJ/ψ, ρηc, DD̄∗, πηc πhc, πψ′, ππχc0

X(4012) ππψ′, ππψ2, ππhc, ππDD̄

Y (4360/4390) ππψ′, ππψ2, D1D̄, ππhc, ππψ′′, ηJ/ψ πD∗D̄∗

Zc(4020) πhc, DD̄∗ πψ′, πψ2, DD̄∗, πDD̄

X(4274) φJ/ψ D
(∗)
s D̄

(∗)
s , ηχcJ , η′χcJ

Y (4660) KKJ/ψ, KKhc, KKψ′, KD(∗)D(∗)
s φχcJ , ηJ/ψ, η′J/ψ, ηψ′, η′ψ′

Zcs(3985) DD∗s , D∗Ds KJ/ψ, Kηc, Khc, Kψ′, Kχc0
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Furthermore, based on Eqs. (1)–(3) and the following partial width formula

Γ(X/Y/Z → fhfc) ∝ | 〈fh|h〉 |2| 〈fc|cc̄〉 |2 , (4)

where fh and fc indicate light hadrons and charmonia in the final states, we derive

the formulae for relations of the partial widths of XY Z states decaying into light

hadrons plus hidden-charm final states:

Γ(X → fh1fc1)

Γ(X → fh2fc1)
=

Γ(Y → fh1fc2)

Γ(Y → fh2fc2)
(5)

and

Γ(Z → fh1fc1)

Γ(Z → fh1fc2)
=

Γ(Y → fh2fc1)

Γ(Y → fh2fc2)
. (6)

Here the phase space effect has been ignored since the masses of XY Z states in one

triangle are similar to each other. For example, from Eq. (5) and the assumption

that X(3872) and Y (4230) are assigned in the same triangle, we can have

Γ(X(3872)→ ππJ/ψ)

Γ(X(3872)→ ωJ/ψ)
=

Γ(Y (4230)→ ππχc0)

Γ(Y (4230)→ ωχc0)
,

where the corresponding final light hadron or hidden-charm final states ππ, J/ψ,

ω, and χc0 have replaced fh1, fc1, fh2, and fc2, respectively. However, because

the available experimental measurements are very limited, only a few predic-

tions are obtained. And we do not use the results from Ref. 4 since it only has

a significance of 4.2 standard deviation, and its results are consistent with the

charged mode,15 which provides more precise measurements of e+e− → ππJ/ψ.

And we do not use the results from Refs. 12–14, since unfortunately only upper

limits of the Born cross sections are provided in these papers without the cor-

responding coupling strength that can be applied in our calculation directly.

These predictions are listed in Table 2. All the obtained predictions are consis-

tent with each other when different experimental inputs are used in the calcula-

tion. We notice both the values of Γ(Zc(3900) → πhc)/Γ(Zc(3900) → πJ/ψ) and

Γ(Zc(3900) → πψ′)/Γ(Zc(3900) → πJ/ψ) take large uncertainty. The reason is

that the experimental result of Y (4230) → ππJ/ψ is used, while in this measure-

ment multiple solutions are found.15 Considering no evidence has been observed in

experiments till now, the destructive solution is more favored than the constructive

Table 2. The predictions of production or decay rates for XY Z states.

Items Prediction Comment

B(Y (4230)→ π+π−χc0)Γ
Y (4230)
ee (in eV) 2.3± 0.9 with Y (4230)→ ωχc0

B(Y (4230)→ π+π−χc0)Γ
Y (4230)
ee (in eV) < 11.4 with Y (4230)→ γχc0

Γ(Zc(3900)→ πhc)/Γ(Zc(3900)→ πJ/ψ) 0.4 ∼ 3.0 not seen in experiment

Γ(Zc(3900)→ πψ′)/Γ(Zc(3900)→ πJ/ψ) 0.1 ∼ 1.0 not seen in experiment
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Triangle relations for XY Z states

one for the multiple solutions. During our calculations we have also realized the

negative results are worthy to be reported, since the upper limits sometimes will

transform into bound limits or other constraints due to the relations.

In summary, we have proposed triple triangle relations based on the tetra-

quark component hypothesis |h〉 |cc̄〉, with the S-wave open-charm thresholds as

the weights, to classify the exotic XY Z states. Except X(4012), that has not been

observed experimentally yet, all the other predicted states can mostly be consistent

with presently observed states. Notice this triangle relation proposed by us is not

the well-known triangle singularity theory, and it is just experimental result-driven.

Within this frame, we also propose some channels deserving search and predict a few

production/decay rates of them. They are the main results of this paper and listed

in Tables 1 and 2. We hope further experimental discoveries and measurements will

benefit from our results.

It should also be mentioned that the original Zcs states predicted by us are

obviously heavier than the recently discovered Zcs(3985). Further searches in other

channels such as KJ/ψ are deserving, even this mass difference may be explained

by the mass difference between kaon and pion. We have not discussed the widths

of the XY Z states, as well as the decay rates of open-charm channels since they

should be significantly affected by the strong coupling to open-charm channel near

thresholds. Till now, we do not have a convincing method to deal with it, but the

widths should be similar to each other when the XY Z states are in one triangle

due to their similar internal structure, except when one state is below the open-

charm threshold then its width would be obviously narrower. It means the width of

X(4012) would be dozens of MeV or narrower since it seems just below the D∗D∗

threshold. The number of S-wave open-charm thresholds is larger than the number

of the triangles proposed in this paper due to limited experimental results, that

implies there maybe undiscovered XY Z states and hence deserving more searches.

And some thresholds are close to each other, that should make the identification

and classification of the XY Z states difficult. We have not discussed other possible

excited states, who will take different quantum numbers and larger radial positions

or higher orbital momentum between |h〉 and |cc̄〉, since the experimental results

on the XY Z states are still too limited. These unknown states may expand the

triangle relations to polygon relations in principle.
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